A novel method for detection of noble-metal nanoparticles by their nonlinear optical properties is presented and applied for specific labeling of cellular organelles. When illuminated by laser light in resonance with their plasmon frequency these nanoparticles generate an enhanced multiphoton signal. This enhanced signal is measured to obtain a depth-resolved image in a laser scanning microscope setup. Plasmon-resonance images of both live and fixed cells, showing specific labeling of cellular organelles and membranes, either by two-photon autofluorescence or by third-harmonic generation, are presented.
Recent advances in the field of nanotechnology have led to an increased interest in the design and manufacture of nanometer-sized objects which can be optically detected in the far field. Among these are core-shell semiconductor nanodots [1, 2] and shaped noble-metal nanoparticles with a tunable plasmon resonance [3, 4] . Since these nanoparticles do not suffer from photobleaching and phototoxicity, typical of organic fluorescent dyes, they are considered as attractive alternatives for specific labeling of cellular organelles in optical microscopy. The various detection methods of these nanoparticles typically rely on a linear optical process such as fluorescence, absorption or scattering. Core-shell semiconductor nanodots exhibit strong fluorescence and have been shown to be highly biocompatible [1, 2] . Recently, photothermal imaging of gold nanoparticles by means of a high-sensitivity differential interference contrast microscopy has been demonstrated [5] , taking advantage of the increased linear absorption of the nanoparticle. Here we consider, in a different approach, detection of the nanoparticle by means of nonlinear optical methods. This allows intrinsic optical sectioning capabilities for the process, since the multiphoton signal is generated only at the vicinity of the focal spot, where the photon flux is high. Taking advantage of the huge enhancement of multiphoton scattering cross sections observed in proximity to metal nanoparticles illuminated by laser light in resonance with their surface plasmon [6, 7, 8, 9] , we are able to demonstrate three-dimensional multiphoton imaging with average powers as low as those used in multiphoton fluorescence with organic dyes [10, 11] .
In contrast with the detection methods described above, including multiphoton fluorescence, in our case the metal nanoparticle does not generate the multiphoton signal by itself, but rather acts as a nanolens, which locally amplifies the weak multiphoton processes occurring intrinsically in proximity to it. This metal nanoparticle labeling method can be used in conjunction with practically any multiphoton microscopy technique, including coherent ones, such as thirdharmonic generation [12, 13] and coherent anti-Stokes Raman scattering [14] , which have, up until now, been used to study unlabelled cells.
Electric field enhancement in proximity to roughened noble metal surfaces and nanoparticles has been investigated extensively both theoretically and experimentally. When the laser field frequency coincides with the surface plasmon-resonance frequency of a metal nanoparticle, huge field enhancement can be achieved. This effect has been exploited to dramatically increase the Raman scattering cross section of adsorbed molecules. Surface enhanced Raman scattering (SERS) has even enabled measurements of single molecules adsorbed on noble metal surfaces [15] . Recently, surface enhancement of both incoherent and coherent multiphoton pro- cesses, including hyper-Raman scattering [6] , multiphoton fluorescence [7] and third-harmonic generation [8] , were demonstrated. In a recent experiment, the presence of gold nanoparticles at cell membranes, was shown to simultaneously enhance second-harmonic generation and to quench two-photon fluorescence from nearby dye molecules [9, 16] . Small particles, a few nanometers in diameter, can usually penetrate through cell membranes into the intra-cellular medium. Several biochemical techniques for the insertion of larger nanoparticles (60nm) into living cells are reported in a recent in-vivo spatially resolved SERS spectroscopy experiment [17] . In this work we demonstrate that plasmon resonance enhancement can indeed be combined with nonlinear microscopy for cellular imaging. The nanoparticle distribution is imaged by measuring of two different surface-enhanced multiphoton processes: two-photon autofluorescence (TPAF) and third-harmonic generation (THG), both excited by a Ti:sapphire ultrafast laser source.
Typically, the plasmon-resonance frequency of nanometer-sized metal particles is in the visible range. As the particle size increases the resonance broadens and shifts towards longer wavelengths [18] . Nanoparticles of a diameter of about 160nm are needed in order to match the plasmon-resonance of the Ti:Sapphire laser used in our experiments. This relatively large size poses a problem when attempting specific labeling with nanoparticles for multiphoton microscopy, since labeling specificity decreases with particle size (due to steric hindrance of the nanoparticle to the conjugated antibody). We address this problem by either aggregating several small nanoparticles [19, 20] , or by chemical enlargement of small nanoparticles. Both these methods take advantage of the high specificity of smaller particles, while matching the resonance conditions in another manner. Neither of these methods, both relying on a stochastic process, is indeed well suited for microscopy applications. Recently, however, nano-engineered particles with a plasmon resonance at near-infrared frequencies at much smaller sizes have been introduced. These include nanoshells [3] , composed of a dielectric core coated by a thin layer of metal, nanodisks and nanorings [4] . These unique nanoparticles were shown to have plasmonresonance frequencies in the near infrared at dimensions significantly smaller than 100nm. By variation of the aspect ratio of these particles it is possible to tune the plasmon-resonance frequency, as well as the scattering and absorption cross sections in a wide range. Using the optical techniques described in our work, multiphoton optical detection of such single nanoparticles can also be achieved.
The cells used in the experiment were grown below confluency under a standard procedure on microscope cover glasses treated to favor cell adhesion. Either Chinese Hamster Ovary (CHO) cells or NIH3T3 rat kidney epithelial cells were used. A Ti:Sapphire laser, delivering 100fs pulses centered at 810nm at a repetition rate of 80MHz (spectra physics Tsunami) is used for excitation, and is focused into the sample by an oil-immersed, NA=1.4, x100 objective. The light scattered in the forward direction is collected by a UV-grade condenser, filtered by an approprtiate spectral filter and measured by a photomultiplier tube and an RF lock-in amplifier. A detailed description of the experimental system can be found in Yelin et al. [21] .
As a first demonstration of imaging using plasmon-resonance microscopy, we image fixed CHO cells to which gold was inserted via the endocytic pathway [22] . 10nm cationic gold particles or 40nm Concanavalin-A conjugated gold particles at a concentration of 10 10 particles/ml were added to the growing medium about 20 hours before fixation. Shown in Figs. 1(a) and (b) are TPAF images of these cells, along with a control image ( Fig. 1(c) ). In taking these images, a bandpass filter centered at 450nm (40nm FWHM) is used to filter the fluorescence light, and the average laser power was reduced to about 6mW to prevent local cell damage.
Cationic gold first accumulates on the negatively charged sites of the cell membrane [23, 24] . After incubation, particles are expected to accumulate in endocytic vesicles. Several bright spots are scattered in the TPAF image of a fixed cell incubated with 10nm diameter cationic gold, shown in Fig. 1(a) . At these spots, the TPAF signal is enhanced by an order of magnitude compared to the background signal from the entire cell. We relate the strong TPAF signals to field enhancement by nanoparticle aggregates of a size leading to a plasmon-resonance around 800nm.
Concanavalin-A conjugated gold particles accumulate first in the extracellular matrix. Concanavalin-A is a lectin specific for mannose-rich sugars, used for labeling of glycosylated proteins and lipids [25] . Those are found principally in the extracellular matrix of the cell, the endoplasmic reticulum and the Golgi apparatus. After incubation concanavalin-A conjugated gold particles are expected to accumulate in the Golgi apparatus [26, 27] . A TPAF image of a fixed CHO cell incubated with 40nm Concanavalin-A gold is shown in Fig. 1(b) . Here too, the strong local TPAF signals is related to nanoparticle aggregates. Several large spots are observed next to the nucleus (slightly darker elliptic region in the cell), probably corresponding to the Golgi apparatus. Numerous smaller bright spots are also visible, probably corresponding to endocytic vesicles. We note that although some gold particles do not penetrate the cell at the moment of fixation, and remain attached to the extracellular matrix, those particles do not form aggregates, and thus do not enhance the TPAF at the cell membrane. Two cells from the control experiment are shown in Fig. 1(c) . These cells were submitted to the same treatment as in the positive experiments (Figs. 1(a) and (b) ), but no gold was added to the growing medium. No bright features are observed in this relatively homogeneous TPAF image.
It should be noted that in order to validate that the enhanced signals observed in Figs. 1(a) and (b) indeed originate from TPAF we imaged the same cell, using this time a bandpass filter centered at 500nm (40nm FWHM), which requires that the signal frequency be shifted by over 3500cm −1 from the two-photon energy. While the overall signal decreased significantly, the relative signal enhancement at the bright spots remained similar. This is indeed consistent with a fluorescence signal. On the other hand, the large frequency shift rules out the possibility of the signal originating from a surface-enhanced incoherent scattering process such as hyperRayleigh or hyper-Raman scatterring.
A demonstration of live cell imaging is shown in Fig. 2 . Here, 10nm cationic gold nanopar- ticles were added to the growing medium about 3.5 hours prior to measurement, and entered the cell by endocytosis. In order to avoid damage to the cell we further reduced the average power of the laser to about 3mW. A plasmon-resonance TPAF image of this cell (yellow), is superimposed on a simple transmission image (blue). Note the absence of gold aggregates within the two nuclei, and the relatively large concentration between them. A typical THG image of a fixed NIH3T3 cell, without nanoparticle labeling, is shown in Fig. 3(a) . As can be seen, the nucleus appears dark, while numerous bright organelles are observed within the cell volume. In taking this image, the average laser power was about 30mW. Since THG is usually a nonresonant process, it lacks the ability for specific imaging. However, using nanoparticle labeling it is possible to specifically enhance THG. Shown in Fig. 3(b) is a THG image of a cell whose nucleus membrane was labelled with gold particles. Fixed permeabilized cells were incubated for 30 minutes in a blocking buffer, incubated overnight with Anti-tubulin cultured in Rabbit, and then incubated for two hours with Goat Anti-Rabbit IgG 10nm gold nanoparticles. Following this, the gold nanoparticles were chemically enlarged by silver enhancement. In this process silver from a silver salt solution is deposited on the gold nanoparticle, serving as a nucleation center (all in the presence of a suitable reducing agent). Since the microtubule network is not preserved during fixation, this results in labeling on receptors of the nuclear envelope. As can be seen, the nucleus appears very bright as compared with the rest of the cell, in contrast to a typical THG images of untreated cells where nuclei appear dark (Fig. 3(a) ).
Shown in Fig. 4 is depth-resolved THG imaging of a NIH3T3 cell whose membrane was labelled with silver-enhanced 10nm concanavalin-A gold particles. The sample was treated with 2% bovine serum albumin to diminish non-specific binding. Silver enhancement was performed after 1 hour incubation with gold nanoparticles. Due to the shorter incubation time and the use of the silver enhancement procedure (rather than aggregation of nanoprticles as in Figs. 1 and  2 ), plasmon-resonance is only achieved in sites on the external membrane of the cell. Strong THG is observed only from regions on the cell membrane. The cell is of a pyramidal shape, where the narrow top lies above the nucleus. The average laser power was about 1mW, an order of magnitude lower than typically used for THG microscopy. Therefore, no signal is observed from inside the cell, nor even from the glass surface at the bottom of the cell. Both autofluorescence and THG occur intrinsically in cells, and are thus non-specific. Moreover, autofluorescence is usually considered an unwanted background noise in fluorescence measurements. Unlike conventional fluorescent labeling, where the measured signal originates from the label, plasmon-resonance labeling with nanoparticles relies on the enhancement of the multiphoton processes originating in the region of the cell near the nanoparticle, and not from the nanoparticle. This can be advantageous especially when the intrinsic signal varies within the cell. For example, plasmon-resonance microscopy with vibrationally resolved multiphoton processes such as coherent anti-Stokes Raman or hyper-Raman can provide chemical information on the molecular structure in the vicinity of the nanoparticles.
In general, multiphoton plasmon-resonance microscopy can be performed using a variety of laser sources and nano-labels. The optimal excitation wavelength depends both on the multiphoton process involved and on sample properties. Long wavelength lasers are preferred for highly scattering samples or when a large penetration depth is required. Shorter excitation wavelengths are often preferred in order to avoid absorption in water. As is obvious from the present work, however, the main issue is the achievement of plasmon resonance conditions for the excitation wavelength using small enough nanoparticles. This is a formidable task when using near-infrared excitation. While this resonance condition can be matched by aggregation of small nanoparticles or by their chemical enlargement, as demonstrated above, relying on these process for bioimaging is problematic.
There seem to be, however, two alternatives, allowing the optical detection of a single, untreated, small metal nanoparticle. One is the use of a shorter wavelength (around λ = 550nm) for the excitation, requiring a much smaller particle size to achieve resonance conditions. The other is to use engineered nanoparticles, such as nanoshells and nanorings, to achieve resonance conditions in the near-infrared at a much smaller size. These should allow significantly improved quantitative imaging and multiphoton correlation spectroscopy, while avoiding photobleaching and phototoxicity.
In summary, the presented results provide a preliminary demonstration of multiphoton plasmon-resonance microscopy. This new imaging technique enables optical detection of nanometer-sized metallic particles by a nonlinear optical process, when illuminated with light in resonance with their surface plasmon. Depth resolved imaging can be accomplished by plasmon-resonance field enhancement of practically any multiphoton optical process. Specific metal nanoparticle labeling of cells is a commonly used method in electron microscopy. Plasmon-resonance microscopy can serve as a complementary method to electron microscopy, enabling simple, depth resolved imaging at optical resolution of the distribution of nanoparticles within live cells.
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